,ug/minute, was infused intravenously over 15 minutes in 27 subjects. The patients were divided into three groups: group I, patients without heart disease; group II, patients with arteriosclerotic heart disease; and group III, patients with congestive heart failure. Hemodynamic measurements included observations on myocardial blood flow using bolus injections of 84rubidium and a coincidence counting technic. Myocardial oxygen consumption was determined after coronary sinus intubation in nine of the 27 patients. Significant increases were noted in heart rate, mean arterial pressure, tension-time index/minute and left ventricular work. Myocardial blood flow increased significantly while myocardial oxygen extraction remained constant suggesting that the augmentation in blood flow was sufficient to meet the increased myocardial demands for oxygen. The effects of glucagon on the coronary circulation resemble that of isoproterenol rather than norepinephrine without, however, leading to the production of arrhythmias seen with these catecholamines.
however, it has not been shown to what extent this occurs, nor whether there is an increase in myocardial blood flow sufficient to meet the increased oxygen demands of the heart.
It is the purpose of this report to relate changes in cardiac dynamics to myocardial oxygen consumption and nutritional myocardial blood flow in subjects with and without heart disease after infusion of glucagon.
Methods
Twenty-seven unanesthetized patients were studied in the postabsorptive state. Six were found to be free of heart disease after subsequent diagnostic studies (group I); 14 had arteriosclerotic heart disease manifested by angina pectoris or prior myocardial infarction or both (group II); and seven had clinical evidence of congestive heart failure of various etiologies (group III; table 1) . Three patients who experienced nausea and vomiting toward the end of the procedure were excluded from the study. Observations on hemodynamics and myocardial blood flow were made under control conditions and at 15 min 000 N~t 000c o o6 6 6 after the onset of anintraveenous infusion of glucagon* (300 ,ug/min). The principle of myocardial blood flow measurement using a double coincidence counting system and a bolus injuection of 84rubidium has been previously reported from this and other laboratories. [7] [8] [9] [10] [11] The double coincidence counting system consists of two pairs of radiation detectors placed anteriorly and posteriorly to the supine patient. One pair of detectors is positioned anteriorly and posteriorly to the heart, the outline of which is drawn on the chest during fluoroscopy; the other pair of detectors is placed anteriorly and posteriorly to the right chest. The difference in counts between the heart and chest is electronically subtracted and represents myocardial uptake of the tracer. The major advantage of this system consists in the separation of myocardial radioactivity from that of surrounding tissue structures. 84Rubidium is lipid-insoluble, highly diffusible positron emitter. Myocardial blood flow, as measured by myocardial 84rubidium uptake, reflects only that portion of total coronary flow which is effective in blood-tissue exchange; blood flow passing through nonnutritional channels is not measured by rubidium uptake. On the basis of previous work,'0 it has been demonstrated that myocardial blood flow (MBF) may be calculated from the formula:
Left ventricular arid where U, (t)total uptake of 84rubidium by the heart following injection (counts/min), and Al(t)dt integrated counts of 84rubidium activity in arterial blood during the primary arterial circulation (counts/cc) As 84rubidium is exchanged with myocardial tissue only through capillaries, its uptake by the myocardium is an index of nutritional capillary flow.
Myocardial blood flow was determined in the following manner: With the patient in a supine position, a 6-inch polyethylene cannula was introduced into the left antecubital vein for the purpose of drug administration. After infiltration of the right antecubital fossa with 1% lidocaine (Xylocaine), a no. 18 Coumand needle was placed in the brachial artery. Phasic and mean arterial pressures were detected through a Statham P23D strain gauge and recorded on an Electronics for Medicine DR-8 recorder. Arterial blood was then withdrawn at 40 cc/min by a Harvard withdrawal pump and circulated through a radicoil which had been placed in a well counter. After withdrawal of blood was begun, a single bolus of 84rubidium (0.2 lec/lb) was administered intravenously through the indwelling cannula. Myocardial and arterial couLnts were recorded until appearance of recirculation of the isotope, and myocardial uptake of the tracer became constant.12
Myocardial blood flow was calculated from the above formula. UH (t) represents the average of the constant precordial radiation counts registered in the period of 90 to 270 sec after 84mubidium injection. fo A1 (t) dt was obtained as the area under the arterial curve plotted on semilogarithmic paper with the straight-line downslope extrapolated to background radioactivity. Cardiac output was calculated from the Stewart-Hamilton formula,'3 the total amount of injected 84rubidium serving as the numerator.
Mean arterial pressures were electronically integrated. Tension-time index was calculated according to the method of Sarnoff and associates.14 The following formulae were used: work (kg-rn/min/M2) MSAP x 13.6 x CI 1000 Peripheral vascular resistance (dynes sec cm-5/m2) =MAP x 80 CI where MSAP is the mean systolic aortic pressure (mm Hg); 13.6 is the mercury conversion factor; CI is the cardiac index (L/min/m2); and MAP is the mean arterial pressure (mm Hg).
In addition to the above determinations myocardial oxygen consumption was studied after intubation of the coronary sinus in nine patients selected at random. Four of the patients were subsequently found to be free of heart disease (group I); two had arteriosclerotic heart disease (group II); and three were in congestive heart failure (group III; table 2). As seen in table 1, the hemodynamic responses to glucagon in these nine patients are similar to those of the total group. Simultalneous arterial (A) and coronary sinus (V) blood samples were obtained from oxygen analysis, performed according to the method of Van Slyke and Neill.'5 Myocardial oxygen extraction (A-V) 02 (vol%) was obtained as the difference in oxygen content between brachial artery (A) and coronary sinus (V) blood. Myocardial oxygen consumption (cc/min) was calculated as the product of myocardial blood flow (cc/min/whole heart) and myocardial oxygen extraction (A-V) 02 (vol%). Blood samples were obtained before and 15 min after beginning the glucagon infusion. The total dose of the hormone did not exceed 6 mg in any of the 27 patients and usually ranged between 4 and 5 mg for the 15 to 20-min period of study.
Results
Hemodynamic data obtained in six normal persons (group I), 14 arteriosclerotic subjects (group II), and seven patients with congestive heart failure (group III) are presented in table 1 and figure 1. They were tabulated for the three groups individually and subjected to statistical analysis using the t-test and nonpaired data. In addition, data from group II were statistically analyzed, including or omitting the three patients with acute myocardial infarcts. Changes of significance for the group were not altered by including these three subjects. Data on myocardial oxygen consumption were not statistically evaluated for the different patient groups in view of the small number of patients studied but were evaluated for the group as a whole (table 2) . With the exception of myocardial blood flow, the hemodynamic response to glucagon infusion did not differ among the different groups.
After glucagon infusion significant increases in heart rate (average, 5.1%; P < 0.005), mean arterial pressure (average, 9.6%; P < 0.001), tension-time index per minute (average, 13.2%; P < 0.001), and left ventricular work (average, 13.3%; P < 0.01) were observed. On the other hand, there were no significant changes in cardiac and stroke indices and peripheral vascular resistance (table 1; fig. 1).
In contrast to a significant rise in normal subjects (average, 29.5%; P <0.01) there was no significant change in myocardial blood flow in patients with arteriosclerotic heart disease and congestive heart failure (table 1; fig. 1 ).
In six patients (table 1; cases 7, 10, 12, 19 , 20, and 27), myocardial blood flow declined. In four, this was accompanied by a decrease in left ventricular work although the degrees of change in these parameters were not of the same magnitude (table 1; Glucagon infusion resulted in a significant rise in myocardial oxygen consumption (average, 35.7%; P <0.01) as myocardial oxygen extraction remained fairly constant (table 2; fig. 1 ).
In eight of the nine patients both myocardial oxygen consumption and blood flow increased. In one subject coronary blood flow did not change as myocardial oxygen consumption remained at control levels (tables 1 and 2, case 22).
Discussion
The purpose of this study was to investigate the relation of cardiac dynamics with nutritional myocardial blood flow and myocardial oxygen consumption in man during glucagon infusion. The cardiotonic action of glucagon observed by us confirms the work of others in both man'-5 and animals.'6-2' Most patients exhibit a positive response to the hormone. In agreement with previous reports,3 the lack of Circulation, Volume XL, December 1969 834 GLUCAGON AND THE CORONARY CIRCULATION response observed in some subjects did not seem to be related to the presence or absence of cardiac disease or to the duration or severity of the disease.
The mechanism of action of glucagoni on the myocardium has not been elucidated as yet. It is known that the hormone, like the catecholamines, is an enzyme activator of the adenyl cyclase system,224 yielding 3', 5'monophosphate (cyclic AMP) from adenosine triphosphate. It is thought that cyclic AMP may be the mediator of various hormones on cardiac tissue. Levine and co-workers25 have shown that infusion of cyclic AMP results in increased cardiac output and blood pressure, the inotropic response persisting despite betareceptor blockade with propranolol. These findings suggest that cyclic AMP may be part of the biochemical basis for myocardial response to catecholamines and glucagon.
Myocardial cyclic AMP levels after glucagon have not been consistently elevated.1' [22] [23] [24] Furthermore, beta-blockade does not prevent the rise in myocardial cyclic AMP after glucagon in contrast to catecholamines.22 24 A recent study has indicated that there may be two beta-receptor sites responsive to glucagon and catecholamines respectively, but only a single adenyl cyclase system.24 This concept would explain why beta-receptor blockade prevents both adenyl cyclase activation and inotropic action by catecholamines, but not by glucagon. It would also explain the observation that concomitant administration of glucagon and catecholamines does not produce greater adenyl cyclase activation than administration of either agent alone. 24 The cardiotonic effects of glucagon in man are well known and have included increases in cardiac output, aortic pressure, heart rate, maximal rate of rise of ventricular pressure (dp/dt), and stroke work.1-5 Variable changes in peripheral vascular resistance and ventricular end-diastolic pressure occur. Significant arrhythmias have not been reported in congestive heart failure and cardiogenic shock; its failure to produce arrhythmias in the digitalized patient has been cited as a major advantage. In the present study, all patients in Circulation, Volume XL, December 1969 congestive heart failure were fully digitalized and arrhythmias were not seen.
Three patients with recent acute myocardial infarction (at 1, 3, and 4 days, respectively) were included in group II. Neither shock nor congestive heart failure was observed. While the hemodynamic response to hormone infusion followed the general trend exhibited by other subjects in this series, myocardial blood flow declined in two and was accompanied by a slight fall in cardiac index and left ventricular work (table 1; cases 19 and 20) .
In all, four of our patients exhibited a decline in left ventricular work, and a concomitant decline in myocardial blood flow after glucagon infusion (table 1; cases 7, 10, 20, and 27). Three patients who did not show a change in left ventricular work had a rise in myocardial blood flow (table 1; cases 1, 5, and 16) . Two patients with arteriosclerotic heart disease had a fall in myocardial blood flow that was not associated with a fall in left ventricular work; (table 1; cases 12 and 19 ). In general, the data reveal that the change in left ventricular work is accompanied by the same directional change in myocardial blood flow, although the degrees of change are not correlative.
When the results pertaining to coronary flow are treated statistically according to groups, it may be seen that only normal individuals respond to the drug with an increase in myocardial blood flow (table 1) . This difference in response of the coronary circulation to glucagon, in the presence or absence of coronary artery disease, is similar to that observed with nitroglycerin26' 27 and nicotine.28 It should be emphasized, however, that most patients with congestive heart failure have arteriosclerotic heart disease. Thus, the lack of response in group III may be related more to the presence of coronary artery disease than to that of congestive heart failure.
Studies on myocardial oxygen consumption revealed a significant increase in the majority of patients after glucagon infusion (table 2; fig. 1). The absence of an increase in myocardial oxygen extraction suggests that the 835 concomitant increase in myocardial blood flow is sufficient to meet the increase in oxygen demands of the heart produced by glucagon. This is in contradistinction to norepinephrine which, despite an augmentation in coronary blood flow, results in a rise in myocardial oxygell extraction when oxygen consumption is increased. 29 The administration of isoproterenol, on the other hand, results in an augmnentation of myocardial blood flow which is adequate to meet oxygen demands, as oxygen extraction is unchanged or even diminished.30 Thus, glucagon resembles isoproterenol rather than norepinephrine in its action on the coronary circulation.
The ability of glucagon to augment myocardial blood flow without increasing myocardial oxygen extraction constitutes another physiologic advantage for the use of this hormone in the treatment of certain patients with cardiac disease.
